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INTRODUCTION 
Adhesive bonding has found extensive application in the aircraft and defense 
industries where the failure of a bond in any of the criticalload-bearing 
components, for example the rotor-blade of an helicopter, can bring about a 
catastrophic failure. Nondestructive evaluation of adhesively bonded structures 
attempt to assess the key factors of bond strength and quality. The bond strength 
[lJ is primarily determined by the thickness of the bondline, as this greatly affects 
the stored energy in the bond. Three factors, if determined, provide a good measure 
of bond quality. They are bond thickness, contact angle of adhesive to substrate, 
and substrate surface-free energy. 
The objective this paper sets out to achieve is a means of accurately 
determining the thickness of a bond layer. Digital signal processing is used to 
analyze the reflectedjtransmitted data. Both the time domain and frequency 
domain approaches are investigated. In the frequency domain the Chirp-Z 
transform [2J,[5J is employed to perform the spectral analysis of the received signal. 
Based on the resonance effect of the bondline the dips in the observed transducer 
frequency spectra can be correlated to the thickness of the bond. This topic is 
furt her discussed in references [6J and [7J. 
As an alternative, time domain analysis of the reflected signal consists of 
modeling the bonded structure as an adaptive filter [3J, with the taps being 
representative of the adhesive layer. This technique is used to provide a deconvolved 
bondline response. Adaptive filters have found wide use in adaptive modeling and 
system identification in which the unknown system is described by its input-output 
behavior. The adaptive filter then tries to emulate the system response due to a 
known input. In its application to deconvolution, the effect of undesired medium 
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Figure 1. Generic configuration used for the experiments 
a . Transducer in pulse echo mode 
b. Substrate layers 
c. Copper wire spacers 
d. Adhesive layer (Gel) 
influence on the signal is sought to be negated. Here the medium which affects the 
bond-line response can be considered as the cumulative effect of the substrates, the 
transducer itself and the associated hardware that make up the entire experimental 
arrangement . 
EXPERIMENTAL ARRANGEMENT 
The experimental arrangement for this research required the assembly of 
bonded structures of predetermined thicknesses, as shown in Figure 1. The 
substrate layers b, are optical glass flats of precisely measured thickness . They are 
approximately isotropic in nature with known material constants. Knowledge of 
material parameters, like the density and the longitudinal velo city of sound in each 
of the three layers is essential in determining the thickness of the adhesive layer. 
The adhesive layer d, is simulated by a viscous gel of known material properties. To 
corroborate the predictions obtained, copper wires c, of known diameters were 
placed as spacers in between the substrates. The contact transducer (0.25 inch 
aperture) placement a, is generally in the Pulse Echo (P.E) mode, with a chosen 
range of center frequencies between 5-20 MHz. 
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Figure 2. Experimental Arrangement 
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Figure 3. A transversal filter with M tap delays 
ADAPTIVE FILTERING APPROACH 
Adaptive filters are based mainly on three different approaches: the Wiener 
Filter Theory, the Kaiman Filter Theory , and the classical method 0/ least squares. 
Since the Wiener and KaIman filters involve a stochastic formulation the 
deterministic least squares approach is chosen. This method requires minimizing an 
index of performance related to the error. The error is defined as the difference 
between the desired response and the actual filter output. Three different classes of 
algorithms form the basis of the method of least squares. They are recursive least 
squares, least-squares lattice algorithm, and the QR decomposition least squares 
algorithm. In this paper the recursive least-squares algorithm forms the basis of the 
deconvolution technique. 
RECURSIVE LEAST SQUARES ALGORITHM 
The structural basis of the recursive least squares (RLS) algorithm is a 
transversal filter illustrated in Figure 3, where u( n) represents the input to the 
filter, d( n) represents the desired response, d( n) is the output of the filter, and e( n) 
is referred to as the estimation error. The RLS algorithm starts by defining a 
correlation matrix ~(n) such that 
n 
~(n) = L An-iu(i)uT(i) where 0< A ~ 1 (1) 
i=l 
here An - i is an exponential weighting factor, or memory factor. The deterministic 
normal equation is defined as 
~(n)w(n) = 0(n) (2) 
with w(n) heing the optimum value of the tap-weight vector for which the index of 
performance attains its minimum value. In equation (2) 0(n) is the deterministic 
cross-correlation vector defined as 
n 
0(n) = L An-iu(i)d(i) (3) 
i=l 
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The index of performance &, sought to be minimized in this case is 
n 
&(n) L An - i le(i)1 2 
i=1 
with 
e(i) = d(i) - wT(n)u(i) 
Rephrasing equation (2) we can get an expression for the optimal tap-weight 
vector as 
w(n) = ~-1(n)e(n) 
The above equation involves the inversion of an M-by-M matrix which is 
accomplished by employing the Woodbury [3] matrix inversion lemma. 
APPLICATION TO BONDED STRUCTURES 
(4) 
(5) 
(6) 
Figure 4a illustrates the P.E test of a tri pIe layered medium. The reflected signal 
d( t) is interpreted to be the convolution of the signal u( t) taken from a single layer 
of substrate material as shown in Figure 4b, and the adhesive layer, represented as a 
transfer function h(t) of Figure 4c. The signal u(t) can be considered to have all the 
external influences sought to be negated from the bondline response. Referring to 
Figure 3, it can be seen that here the input to the adaptive filter would be u( t) and 
the desired response to which u(t) is adapted, is d(t). On convergence the filter taps 
are then representative of the bondline transfer function h(t). 
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Figure 4. a.Signal from bonded structure d(t) = u(t) * h(t) 
b.Signal from single layer of substrate material u(t) 
c.Bondline transfer function h( t) 
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Figure 5. Process of Adaptation 
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RESULTS 
The case study presented here deconvolves the bondline transfer function of a 
simulated bond of a measured thickness of 117.6 p.m. The adaptive filter set up has 
256 taps. The input signal u(t) consists of 512 sam pies, and the desired response 
d(t) also has 512 sampies, u(t) is delayed by 256 sampies to improve performance of 
the filter [4] . 
Figure 5 describes the details of the process of adaptation. In this figure f( n) 
shows the error signals at each iteration which describe the convergence of the filter. 
When the apriori error and the aposteriori error have the same value, the filter 
has converged to its optimum tap weight vector. The signal d(n) describes the 
predicted output which dosely matches d(n) . The filter taps on convergence 
represent the adhesive layer transfer function depicted in Figure 6a. This transfer 
function is then convolved with an idealized transducer signal having a Gaussian 
frequency response centered at 10 MHz, shown in Figure 6b. 
The result of the convolution is shown in Figure 7a in the time domain. Figure 
7b illustrates the frequency domain response of this signal. When the frequency 
spectrum of the experimentally obtained signal d( n) is overlaid, it can be seen that 
location of the nulls in either case are in dose alignment. 
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Figure 6. a. Filter taps representing h( n) 
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b. Idealized 10 MHz transducer signal RCos(n) 
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Finally in order to validate the deconvolution model presented here, u( n) and 
h(n) are convolved and the results compared with d(n). Figure 8a is the time 
domain response of this convolution which compares favorably with d(n) shown in 
Figure 5. The comparison in the frequency domain of the signals u( n) * h( n) and 
d( n) is shown in Figure 8b. As can be seen there is an almost one to one 
correspondence. 
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Figure 7. a.Time domain response of RCos(n) * h(n) 
b.Frequency domain response of RC os( n) * h( n) 
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Figure 8. a.Time domain response of u(n) * h(n) 
b.Frequency domain response of u( n) * h( n) 
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CONCLUSION 
This paper discusses the precise thickness measurement of thin adhesive layers 
by employing a method of deconvolving bondline response. For the thickness 
measurement a physical model was developed, to which a frequency domain analysis 
can be applied. Successful measurement of thin layers based on this frequency 
domain model has been demonstrated [6],[7]. To deconvolve the adhesive layer 
response a transfer function model is developed based on adaptive filters. The 
deconvolved bondline transfer function is obtained, and compared to experimentally 
recorded signals. These comparisons show excellent agreement. 
The application of this technique to realistic bonding configurations is one of 
the future goals. Identification of broad band signals to replace the simulated 
transducer signal, would provide a better frequency evaluation of the bondline 
transfer function. Future work may also entail applying the transfer function model 
to pattern recognition schemes. 
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